ABSTRACT. To determine the process of formation of apical delta, a histological study on the permanent teeth was carried out in dogs. A litter of 7 clinically healthy beagle dogs and 33 adult dogs (4-to 15-year-old) of 12 breeds with periodontal disease were used for the experiments. Teeth extracted from 6-,7-,8-and 9-month-old beagles were sectioned and stained with HE solution. Tooth roots obtained from adult dogs with periodontal disease were ground. Each tooth was classified into the following root types under a light microscope: Type I (no apical delta = no apical closure), II (few apical delta), IIIA (low apical delta) and IIIB (high apical delta). In the 6-monthold beagles, more than half the tooth roots were classified as type I. In the 7-month-old beagles, type IIIB apical delta was the most predominant and types I, II and IIIA apical delta were occassionally seen. Apical closure and delta were observed in all beagles at 8 months of age histologically. In the 8-and 9-month-old beagles, all root apexes observed were type IIIB. Most of the 314 tooth roots extracted from 33 adult dogs were type IIIB, but a few were type IIIA. KEY WORDS: apical delta, canine, endodontics, root apex, root canal treatment.
The apical delta is an intricate system of cavities which allows free passage of numerous blood vessels and nerves from the pulp cavity to the root apex [2, 6, 10, 18, 21, 22] , and this may contribute to the formation of the apical lesions of the tooth [2, 23, 24] .
Masson et al. reported a 100% occurrence of apical delta in the roots of extracted teeth in dogs more than 1 year old [12] . Gamm et al. later reported that 69.5% of the canine teeth in 6-to 24-month-old dogs have apical delta [5] . It is not known when apical delta is formed in growing dogs, and how many teeth have this unique structure in their roots in adult dogs. The purpose of this study was to determine the formation process and variation in apical delta types in the permanent teeth of dogs.
MATERIALS AND METHODS

Histological studies of apical delta formation in growing beagle dogs
Laboratory dogs: A litter of 7 clinically healthy beagle dogs (4 males and 3 females weighing 12-13 kg) were used for these experiments. Irrespective of right or left side, 3 teeth were extracted from the 6-to 9-month-old dogs every month to compare all tooth roots.
All experiments were done according to the approved guidelines for the handling of laboratory animals at the Graduate School of Veterinary Medicine, Hokkaido University.
Teeth extraction: The animals were intramuscularly injected with atropine sulfate (0.03 mg/kg) and intravenously injected with flunitrazepam (0.03 mg/kg). Ten min later the animals were injected intravenously with ketamineHCl (10 mg/kg) and intubated. General anesthesia was maintained with oxygen-isoflurane. Lidocaine containing epinephrine as a local anaesthetic agent was injected in the area of the gums surrounding the tooth root. The animals were given ampicillin-Na (20 mg/kg) and flunixin meglumine (1 mg/kg) for 3 days postoperatively.
To extract incisors and one rooted molars (the upper and lower 1st premolars, and the lower 3rd molar), the epithelial attachments were incised with a surgical blade, and a dental elevator was inserted between the tooth root and the crestal alveolar bone. A dental elevator was then moved around the circumference of the root and pushed apically, and the periodontal ligament fibers were gently transected. The teeth were elevated from socket and extracted with extracting forceps. On the canine teeth, after their epithelial attachments were incised, a releasing incision was made in the gingiva, and a full-thickness gingivo-muco-periosteal flap was then raised with the periosteal elevator. The alveolar bone was removed with a round bur attached to a handpiece along the exposed alveolar bone in the palatal and apical portion. After the entire length of the tooth root was exposed, the tooth was dislocated with an elevator placed along the tooth root, and extracted with the extracting forceps. The flap was returned to the original position and sutured with a polyglactin suture.
The crown part of each two rooted tooth (the upper 2nd and 3rd premolars, the lower 2nd and 4th premolars, and the lower 1st and 2nd molars) was divided into 2 pieces with a round bur attached to a handpiece, and then extraction was done in the same way as for a single rooted tooth. The crown part of the three rooted teeth (the upper 4th premolar, and the upper 1st and 2nd molars) was divided into 3 pieces, and extracted in the same manner as the canine tooth.
Microscopic studies of the root apex: The extracted teeth in growing beagle dogs are shown in Table 1 . The extracted teeth were fixed with 10% neutral buffered formalin, and decalcified with 10% buffered formalin-10% formic acid and embedded in paraffin. The sections were cut at 5 µm thickness as a parallel section along the longer diameter of the tooth root. The sections were stained with hematoxylin and eosin solution and examined under a light microscope at × 40 magnification. The widest sections with the root canal were used for evaluation of the root apex.
Observations of the root apex in the extracted teeth from adult dogs The permanent teeth (208 teeth, 314 tooth roots) extracted from 33 dogs (12 breeds, 4-15 years of age, median : 8 years, male 19: female 14) with periodontal diseases at the Hokkaido University Veterinary Teaching Hospital from 1996-1997 were used for the study. The tooth roots were ground parallel to the longer diameter on both sides to make the widest section of tooth root approximately 0.1 mm in thickness. These sections were examined under a light microscope. Category of the root apex Histologic classification of the root apex was done according to the criterion, the apical index, indicated in Fig.  1 . First, a, b and c were measured, and apical delta were classified into types I to IIIB. a: Depth of the apical delta (the distance from the root apex to the apical terminus) b: Base of the apical delta (the distance between the 2 end points of the dentin) c: Width of root (the diameter of a tooth root that passes through the apex of the apical delta) Classification according to the apical index (= a × b/c) Type I (no apical delta);The root apex is open, and there is no apical delta. a=0. Type II (few apical delta); apical index < 1 Type IIIA (low apical delta); 1 ≤ apical index < 2 Type IIIB (high apical delta); 2 ≤ apical index
RESULTS
Histologic findings in the apical delta in growing beagle dogs
In 6-month-old beagles, type I root apex was observed in 53% of 34 roots, and all of them were from one-or tworooted teeth, but not from three-rooted teeth. Types IIIA and IIIB apical delta were observed in 38% of all roots. In 7-month-old beagles, type IIIB apical delta was observed predominately in 76%, and types I, II and IIIA were few and were seen only in the canine and the premolar teeth. In 8-and 9-month-old beagles, all the root apexes were type IIIB ( Table 2) .
Type I apical delta was characterized as having a very thin dentin, a big pulp cavity and an open root apex. A small amount of Hertwig's epithelial root sheath was also present (Fig. 2a) . In the type II, the root apex was closed, the dentin was thin, and the pulp cavity was big (Fig. 2b) . Type IIIA apical delta was low, and had thicker dentin (Fig. 2c) . Type IIIB apical delta was very deep, and had thick dentin and a narrow pulp cavity (Fig. 2d) . Histologic findings of the root apex in the teeth extracted from adult dogs Type I and II apical delta were not observed in adult dogs, and type IIIB was the most common among them (Table 3) . Type IIIA were found in 15 roots (5%) of the teeth from 10 dogs except the canine teeth. Dogs with type IIIA apical delta were 5 to 13 years of age (median: 9 years), 4 males and 6 females and no large breeds.
The dentin was thick, and the pulp cavity was narrow in these adult dogs. The apical ramifications were spread radially. The apical delta was composed of the cementum, and opened radially toward the caudal part of the dentin at the root apex (Fig. 3) .
DISCUSSION
Histologic observation is essential to elucidate the apical delta formation in growing dogs, because radiographic evaluation of teeth is known to have limitations [13] . Surgical collection and histologic observation of tooth roots could not therefore be eliminated. In this study, the upper and lower teeth were differentiated for the typing of apical delta in growing beagles, but the teeth on the left or right side were not considered, because the number of extracted teeth samples in one animal should be reduced (Table 1) , and it was reported that there was no difference in the eruption time of permanent teeth from either the left or right side in beagle dogs [20] .
In the 6-month-old beagles, all teeth from the 7 dogs were completely erupted, and they were within the range of the eruption time for permanent teeth as reported by Arnall [1] and others [3, 20] . The tooth roots of the 6-to 7-month-old dogs were frail, as previously reported [4, 7] . Samples were therefore fixed in 10% formalin and sectioned for observation. In histologic examination of beagles, the dentin wall was seen to be thicker at 6 months of age, and the pulp cavity gradually became narrower up to 9 months of age. This observations corresponded to the radiographic findings by Morgan and Miyabayashi [13] .
In this study the root apex was classified into four types in II  IIIB  IIIB  IIIB  upper second incisor  I  IIIB  IIIB  IIIB  upper third incisor  I  IIIB  IIIB  IIIB  upper canine  I  IIIA  IIIB  IIIB  upper first premolar  II  IIIB  IIIB  IIIB  upper second premolar mesial  I  IIIA  IIIB  IIIB  upper second premolar distal  I  IIIA  IIIB  IIIB IIIA  IIIB  IIIB  IIIB  upper second molar palatal  IIIA  IIIB  IIIB  IIIB  lower first incisor  I  IIIB  IIIB  IIIB  lower second incisor  IIIA  IIIB  IIIB  IIIB  lower third incisor  I  IIIB  IIIB  IIIB  lower canine  I  II  IIIB  IIIB  lower first premolar  IIIA  IIIB  IIIB  IIIB  lower second premolar mesial  I  I  IIIB  IIIB  lower second premolar distal  I  IIIA  IIIB  IIIB  lower third premolar mesial  I  IIIB  IIIB  IIIB  lower third premolar distal  I  IIIB  IIIB  IIIB  lower fourth premolar mesial  I  IIIB  IIIB  IIIB  lower fourth premolar distal  I  IIIB  IIIB  IIIB  lower first molar mesial  I  IIIB  IIIB  IIIB  lower first molar distal  IIIB  IIIB  IIIB  IIIB  lower second molar mesial  IIIB  IIIB  IIIB  IIIB  lower second molar distal  IIIA  IIIB  IIIB  IIIB  lower third molar  I  IIIB  IIIB  IIIB   M: months. order to characterize the apical delta formation process. These are: type I (no apical delta) and type II (few apical delta) as immature types, and type IIIA (low apical delta) and type IIIB (high apical delta) as mature types. Gamm et al. measured the distance (depth) from the crown side of the apical delta to the root apex, and classified the apical delta into four types [5] , but examined only the canine teeth. In our studies, all kinds of teeth in beagle and various breeds of dogs were used to investigated the formation stages and variation in size of the apical delta. We found that the big breeds have a tendency to develop large tooth roots, and large tooth roots tend to form bigger apical delta. Therefore, application of only the depth to apical delta to establish the extent of its formation is considered to be inaccurate. We Fig. 2 . Histologic findings of root apex type with hematoxylin and eosin stain. Type I: immature apical delta, apical delta is characterized as having very thin dentin (D), a big pulp cavity (P) and an open root apex. A small Hertwig's epithelial root sheath (H) is also present. Type II: immature apical delta, the root apex is closed, dentin is thin and the pulp cavity is big. Type IIIA: mature apical delta, the apical delta is low and the dentin is thicker. Type IIIB: mature apical delta, the apical delta is high, and has grown to the tooth crown side; the dentin is thick, and the pulp cavity is narrow. a; Type I, b; Type II, c; Type IIIA, d; Type IIIB bar=1mm.
have proposed the following modified formula (apical index): the depth of the apical delta ( Fig. 1-a) multiplied by its base (Fig. 1-b) and divided by the width of the tooth root ( Fig. 1-c) . This index for classification of tooth roots is not affected by the size of the tooth root.
Our results showed that 53% of early permanent tooth roots in 6-month-old beagle dogs have type I apical delta. Type II apical delta was observed only in 3 roots (9%), and mature apical delta (types IIIA and IIIB) were more common in the posterior teeth, especially in the upper jaw (Table  2) . Gamm et al. did not clearly show when apical delta of the canine teeth in 6-to 24-month-old dogs were formed [5] . Types I and II apical delta categorized in our study were very similar in nature to type-I (no apical delta exist) and type-II (height of apical delta is under 1 mm) classified by Gamm et al. (Fig. 2) [5] . In dogs at 7 months of age, type IIIB apical delta was mostly observed (76%). In dogs over 8 months of age, type IIIB apical delta was observed in 100% of the roots examined (Table 2) . After the tooth root close, apical delta seems to be formed faster, because only 4 samples had type II apical delta in 6-to 9-month-old beagles examined. It is also thought that the root apex of a threerooted tooth closes early, because no histologically type I apical delta was observed in 6-month-old beagle dogs.
Among 314 tooth roots extracted from 33 dogs with periodontal disease (12 breeds, 4-15 years of age), there were no types I and II apical delta. Type IIIB was observed predominantly, and type IIIA was observed in only 15 samples (5%). We could not find type IIIA apical delta in the canine teeth of 12 samples (Table 3 ). All adult dogs examined in this study had mature apical delta in their tooth roots regardress of their age, sex and breed. Histologically the cementum of apical delta and dentin were very thin at the time of apical closure (Fig. 2) . The radiographical interpretation of apical closure therefore may not be precise in growing dogs. The dentin and cementum around apical delta may rapidly Table 3 . Number of extracted and examined teeth and root apex typing in dogs with periodontal disease become thicker as they grow. Gamm et al. reported that 69.5% of canine teeth have apical delta in 6-to 24-month old dogs (1993) [5] . Our results suggested, however, that this percentage was calculated in dogs having mature and immature apical delta. Masson et al. reported the formation of apical delta in 100% of teeth of dogs over 1 year of age [12] . These reports and our histologic results for beagle dogs suggest that apical delta matures around 8 months of age in dogs. Histologic findings in tooth roots of beagle dogs revealed that non apical delta developed at 6 months of age, and apical delta is formed very quickly. Then at 8 month of age, all tooth roots had apical delta. Apical delta were also observed in 100% of tooth roots in dogs at least 4 years of age and of various breeds.
There are many examples of successful root canal treatment in daily practice [11] , but the apical ramification may make it difficult to treat through the root canal in human subjects [8, 9, 25] , and the apical delta of a dog tooth is much more complicated. The usual non-surgical endodontic therapy may not be able to completely remove the infected pulp in severe cases (Fig. 4) [5, 15, 17, 23, 24, 26] . This unique structure of the apical delta emphasizes that a prudent technique should be applied to root canal treatment in adult dogs. A combination of the root canal treatment and apicoectomy has been recommended for canine teeth [14, 16, 17, 19, 24] . Fig. 3 . Histologic findings in root apex type in ground section. a; Yorkshire terrier, 13-year-old male, lower canine tooth root. b; Shetland sheepdog, 10-year-old male, lower second premolar tooth mesial root. c; Shih tzu, 5-year-old male, lower second molar tooth mesial root. d; Dachshund, 6-year-old female, lower second incisor tooth root. The dentin (D) is thick, and the pulp cavity (P) is narrow. The dentin is interrupted near the root apex. Apical ramifications (AR) opened radially toward the root apex composed of the cementum (C). bar=1 mm.
